Abstract-In this paper, rotor of switched reluctance motor (SRM) is employed by mounting copper windings on the rotor poles as well as the stator poles. Rotor and stator windings are excited from DC supply in order to increase the developed electro-magnetic torque; thus enhancing the output power of the drive and keeping the system compactness. Furthermore, the proposed SRM offers higher reliability than conventional one, if excitation of rotor windings is lost, the drive will turn into a conventional SRM, the drive will continue running as a conventional SRM. Finite element method magnetics (FEMM) software is applied to obtain the magnetic characteristics of the proposed SRM. A control strategy for excitation of rotor and stator windings is presented. MATLAB/Simulink modeling of the proposed SRM is given and validated by practical experiment. Experimental Results on a prototype show that the proposed SRM is capable of achieving an increased torque compared with conventional SRM drive.
I. INTRODUCTION
Invention of switched reluctance motor (SRM) goes back to 1842, it consists of laminated salient stator and salient rotor. Applications of SRM drive can be found in robotics, textiles industries, electric vehicles, aerospace and industrial drives. SRM drive offers various merits because of its simple construction, highly starting torque and fast response. In addition to that, rotor of SRM has no windings or permanent magnets which results in relative low copper losses, high robustness and low maintenance. Researchers are attracted to develop and improve the performance of SRM. Luan Ru presented a new structure of SRM stator in order to mitigate the drive vibration and noise by immersing the stator windings in an evaporative cooling medium [1] . M.A. Rahman and Kyohei Kiyota have developed a cylindrical rotor design for hybrid electric-vehicles [2] . Yu Hasegawa et al, presented a novel SRM using auxiliary permanent magnets on the stator yoke so as to increase the torque density [3] . Design modification, fabrication and performance analysis of 4-phases 8/6 SRM is given by D. Roy et al [4] . O. Argiolas et al proposed a drive design of 12/8 SRM with optimized geometry for torque ripples minimization [5] . The goal of this paper is to propose a novel Manuscript design, fabrication and control of doubly fed switched reluctance motor (DFSRM). In the proposed double excitation fed SRM, rotor of SRM is employed by installing copper windings on the rotor poles as well as the stator poles. Rotor and stator windings are excited from a DC supply in order to increase the developed electro-magnetic torque; thus increasing the output power of the drive and keeping the system compactness. Also, a control strategy for the excitation of rotor and stator windings is presented. Performance analysis of the proposed SRM is carried out through Finite Element Methods Magnetics (FEMM) and MATLAB software. The novel doubly fed SRM and the control circuit are practically implemented and tested in laboratory for results validation.
This paper presents a novel Switched Reluctance Motor (SRM) design and implementation. Due to low manufacturing cost, cage-less rotor and wide speed range; SRM drive is used in many applications such as robotics, electric vehicles and aerospace industries. In this paper, rotor of SRM is employed by mounting copper windings on the rotor poles as well as the stator poles. Rotor and stator windings are excited from DC supply in order to increase the developed electro-magnetic torque; thus enhancing the output power of the drive and keeping the system compactness. Furthermore, the proposed SRM offers higher reliability than conventional one, if excitation of rotor windings is lost, the drive will turn into a conventional SRM, the drive will continue running as a conventional SRM. Finite element method magnetics (FEMM) software is applied to obtain the magnetic characteristics of the proposed SRM. A control strategy for excitation of rotor and stator windings is presented. MATLAB/Simulink modeling of the proposed SRM is given and validated by practical experiment. Experimental Results show that the proposed SRM is capable of achieving an increased torque compared with conventional SRM drive. Circuit diagram of 6/4 SRM drive and the driver converter is shown in Fig. 1 . each phase is excited through two transistors, two freewheeling diodes are used to return the stored magnetic energy in the coils back to the source. 
II. BASIC PRINCIPLES

III. PROPOSED DESIGN OF DOUBLY-FED SRM (DFSRM)
Schematic structure of the proposed doubly fed SRM is shown in Fig.4 . In the proposed doubly fed SRM, space of the rotor poles is employed by installing copper auxiliary windings on the rotor poles as well as the stator main windings. Rotor auxiliary windings are mounted in order to increase the developed electro-magnetic torque of the drive; thus enhancing the output power of the drive. Compared with conventional SRM, output power of the proposed doubly fed SRM is much higher at the same drive volume. Slip rings installed on the rotor shaft in order to supply dc power to rotor coils. Fixed carbon brushes are used to carry the electric current to the movable rings. Each two opposite poles of the rotor are connected in series as on coil. Energizing the rotor coils is executed through a control circuit in order to keep the polarity of rotor poles field compatible with the stator poles field. 
IV. CONTROL PRINCIPLES OF DOUBLY-FED SRM (DFSRM)
in the classical SRM drive, a rotor position sensor is used to control the turn on angle and the conduction angle of each phase switches, thus controlling the energizing of each phase of the SRM drive. In the proposed doubly fed SRM, the rotor position sensor is used to control energizing both of stator and rotor windings. slip ring is employed on the rotor shaft in order to connect power to the rotor coils. It can be noticed that the slip ring is split so as to reverse the current direction through the rotor coils.One complete cycle rotation of the proposed doubly fed SRM can be described as follows,
In Fig. 5 -a poles E-E' is aligned with C-C'; current is released to energize poles A -D' as north and A'-D as south.
In Fig. 5 -b poles D-D' is aligned with A-A'; current is released to energize poles B -E' as north and B'-E as south.
In Fig. 5 -c poles E-E' is aligned with B-B'; current is released to energize poles C-D' as north and C'-D as south. In Fig. 6 -a poles D-D' is aligned with C-C'; current is released to energize poles A -E' as north and A'-E as south pole.
In In Fig. 7 -a poles E-E' is aligned with C-C'; current is released to energize poles A-D as north and A' -D' as south pole. In Fig.7 -b poles D-D' is aligned with A-A'; current is released to energize poles B -E as north pole and B'-E' as south pole. In Fig. 7 -c poles E-E' is aligned with B-B'; current is released to energize poles C-D as north pole and C'-D' as south pole.
In Fig. 8 -a poles D-D' is aligned with C-C'; current is released to energize stator poles A-E as north pole and A'-E' as south pole. In Fig. 8-b poles E-E' is aligned with A-A'; current is released to energize poles B-D' as north pole and B'-D as south pole. In Fig. 8-c poles D-D' is aligned with B-B' ; current is released to energize poles C-E as north pole and C'-E' as south pole. It can be noticed that the polarity of rotor poles is decided based on the stator poles polarity. Stator poles A, B or C are always north, while A', B' or C' are always south poles when energized. On the other hand, polarity of any of the rotor poles is decided based on the stator poles polarity. Rotor poles D, D', E or E' is north when any of these poles is about to get aligned with A', B' or C', and south when any of the rotor poles is about to get aligned with A, B or C. Fig. 9 shows control circuit for rotor windings which is supplied through carbon brushes and slip rings mounted on the rotor shaft. Generally, differential input electrical energy = differential output mechanical energy + differential stored field energy + differential losses energy For the proposed doubly excited SRM, the differential electrical energy supplied to the drive per single phase is given as follows:
(1) = .
+ .
Substituting from (3) 
VI. MAGNETIC ANALYSIS OF DFSRM
Finite element method magnetics (FEMM) software is used for electro-magnetic analysis [6] . It's used to investigate the performance of the proposed doubly excited SRM at rotor angle θ from 0 0 (fully unaligned) to 45 0 (fully aligned) at stator excitation currents ranging from 0 to 50 A. Distribution of the flux density is shown in Fig10. Furthermore, flux lines of the rotor at different position is shown in Fig.11. Fig 12 shows the static torque profile of the drive phase (A) at excited stator currents from 0 to 50 A, when the rotor current is 0 A, in this case the drive acts as a conventional SRM. Fig. 13 shows the static torque profile of phase (A) of the proposed drive when the rotor current is 50% of the stator current. In this case, the drive torque has increased by 45%. Fig. 14 shows the static torque profile of phase (A) of the proposed drive when the rotor current is 100% of the stator current. In this case, the drive torque has increased by 75%. Closed loop speed control block diagram of the modified doubly excited SRM is shown in Fig.15 . The measured speed of the drive is compared with the reference speed through the speed controller. The speed controller generates a current signal that is compared with drive measured current. The error current is converted into a value of duty cycle through pulse width modulation (PWM) controller. Driver converter switches (stator and rotor) is controlled by PWM signals. Rotor and stator windings are excited from a DC supply in order to increase the developed electro-magnetic torque; thus increasing the output power of the drive and keeping the system compactness. Fig. 19 .
Differences in results between simulated and calculated static torque of the doubly excited SRM is due to several reasons;
1. Error in the measuring units and in accurate weight to torque conversion, 2. Inaccurate measuring of the rotor dimensions used in FEMM, and 3. After adding coils to the rotor shaft, the drive became highly saturated. Stator and rotor currents of the proposed DFSRM is indicated in Fig 20. Although the applied DC voltage to stator and rotor control circuits are the same, currents of the rotor are lower than the stator currents due to the resistance of the carbon brushes and slip rings. The proposed drive presents higher torque density, but the cost is increased due to the installed windings on the rotor and complex control circuit. In addition to that, the need for carbon brushes and slip rings increased the cost as well as the need for maintenance. As SRM can be used in high speed applications; In this case, a high quality slip rings should be used so as to bear the frictions forces with carbon brushes. In addition, the proposed drive will need a periodical maintenance plan to check up the slip rings and the carbon brushes health. Table 1 presents the performance parameters of conventional and doubly-fed SRM drive. VIII. CONCLUSION A novel design, fabrication and control of doubly fed switched reluctance motor were presented in this thesis. In the proposed double excitation fed SRM, rotor of SRM was employed by installing copper windings on the rotor poles as well as the stator poles. Rotor and stator windings are excited from a DC supply in order to increase the developed electro-magnetic torque; thus increasing the output power of the drive and keeping the system compactness. Also, a control strategy for the excitation of rotor and stator windings was presented. Performance analysis of the proposed SRM was carried out through FEMM and Matlab software.
Experimental test was carried out in order to validate results of the novel doubly fed SRM drive. Results showed that the torque density of the drive was increased at the same size of the drive. Although, the proposed drive has higher torque density, but the cost increased due to the installed windings on the rotor and the control circuit became more complex. In addition to that, the need for carbon brushes and slip rings increased the cost as well as the need for maintenance. 
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